In underground (UG) multiple-input and multiple-output (MIMO), the transmit 1 beamforming is used to focus energy in the desired direction. There are three different paths in the 2 underground soil medium through which the waves propagates to reach at the receiver. When the 3 UG receiver receives a desired data stream only from the desired path, then the UG MIMO channel 4 becomes three path (lateral, direct, and reflected) interference channel. Accordingly, the capacity 5 region of the UG MIMO three path interference channel and degrees of freedom (multiplexing gain of 6 this MIMO channel requires careful modeling). Therefore, expressions are required for the degree of 7 freedom of the UG MIMO interference channel. The underground receiver needs to perfectly cancel 8 the interference from the three different components of the EM-waves propagating in the soil medium.
MIMO can be developed for high data rate and log range communications. In this work, techniques 82 have been developed to maximize the signal strength and minimizing the interference at the receiver. 83 Moreover, UG MIMO beamforming expressions have been developed to maximize the capacity of the 84 underground communications.
freedom (multiplexing gain of this MIMO channel requires careful modeling. Therefore, expressions 146 are required derived the degrees of freedom of the UG MIMO interference channel. 147 The underground receiver needs to perfectly cancel the interference from the three different 148 components of the EM-waves propagating in the soil medium. in UG transmit beamforming, limited 149 number of antenna can only achieve low spatial directivity, that leads to presence of signals in undesired 150 direction that cause interference at the receiver. This UG MIMO concept is based upon reducing the 151 interference the undesired components to minimum at UG receiver using the receive beamforming.
152
In this paper, underground environment aware MIMO using transmit and receive beamforming has and investigated in the underground soil medium. Next we present the system model: 156 We consider an UG MIMO transceiver system where both transmitter and receiver has the 157 beamforming capability. We also consider that the transmitter node is equipped with two or more 158 transmit antennas and has the beam steering capacity. The receiver node is also equipped with 159 multiple antennas and can receive all three components propagating through underground medium.
160
In this paper, we also assume that the UG MIMO receiver has path selection and switching capability 161 through a selection mechanism which is based on the strength of the received paths at the receiver.
162
Throughout the development of this approach, we also assume equal power allocation at the UG 163 MIMO transmitter. To analyze the achievable capacity using environment aware MIMO using transmit 164 and receive beamforming, we also assume a total power constraint. 
where x k is the transmitted signal of the UG component k, and w k and f k are the transmit and 175 receive beamforming vectors, n k is additive white Gaussian noise (AWGN) vector.
176
Next, we present the expression to maximize the capacity for the low SNR case. From the (1), the 177 received SINR at the UG receiver at the kth component can be expressed as:
The achievable capacity for the three underground EM components is defined as:
Since the objective of this approach is to enhance the channel gain and to remove the 
where i represents the L, D, or R components. The E b is the energy per bit and the |h i | denotes the 186 impulse response.
187
A three fold increase in SNR (in comparison to a single antenna match filter based design) can be 188 achieved by employing the maximum ratio combining (MRC) approach [32,51]:
where w i is the weighting factor used for combining. Although SISO approach can be used to maximize 
To completely eliminate the interference from (7), MRC approach should satisfy following: For an array of identical elements, the far-field power density is expressed as [52]:
where E(θ, φ) is the electric filed intensity of the individual array element and is given as:
where P et , G et are element transmit power and gain, respectively, and d is the distance. E-field contributions (E a ) from all elements are added together to calculate the array gain G a [52]. Therefore,
where ς is the element phase factor and The received power is presented next. Effective isotropic radiated power (EIRP) can be expressed as product of the transmitted power and antenna gain:
where P t is the transmitted power and G t is the array gain.
204
The far-field power density P av can is expressed as [53]:
where D, R, L denotes the power densities of the direct, reflected and lateral component [30] . The received power is calculated as the product of far-field power density P av and antenna aperture (λ 2 s /4π). The received power is given as [53]: P d r = P t + 20 log 10 λ s − 20 log 10 r 1 − 8.69α s r 1 −22 + 10 log 10 D rl , P r r = P t + 20 log 10 λ s − 20 log 10 r 2 − 8.69α s r 2 +20 log 10 Γ − 22 + 10 log 10 D rl , (15) P L r = P t + 20 log 10 λ s − 40 log 10 d − 8.69α s (h t + h r ) +20 log 10 T − 22 + 10 log 10 D rl ,
where Γ and T are reflection and transmission coefficients [53], and λ s is the wavelength in soil. The received power, for an isotropic antenna, is expressed as [53]: P r = 10 log 10 (10 P d r 10 + 10 P r r 10 + 10 P L r 10 ) .
Performance Analysis

205
In this section, we present the performance analysis of the UG MIMO. First, the model evaluations 206 and results of the transmit beamforming are presented in the next section. 
Receive Beamforming 259
For the receive beamforming of the UG MIMO, a 16-element uniform linear array with 260 inter-element distance of half wavelength is used. The operation frequency of 300 MHz is employed.
261
In underground communications, a higher path loss is observed at higher frequencies [30] . The 262 soil has higher permittivity as compared to the air, which leads to the wavelength shortening. Due 263 to the soil permittivity factor, frequency bands in lower spectrum are more suitable for long range 264 communications. Moreover, distance, depth, and soil water content also affects the path loss in 265 underground communications, which requires environment-aware operation frequency selection. 266 We consider the reception of the received signal through the UG MIMO receive beamforming. In 267 UG communications, there are three main components (e.g. direct, lateral, and reflected (see Fig. 5 ).
268
The received signal that originates from 10-15 o azimuth has the highest received power. The UG at the receiver from 45 o azimuth. Its total path is also completely through the soil.
276
The three received signals at the UG MIMO receiver are not correlated with each other and can 277 be distinguished because of different propagation speed in the stratified soil medium. This leads to 278 different inter-element delays that assist different these elements in time. The uniform white noise is 279 considered across all array elements. A beam-scan spatial spectrum estimator is used based on the 280 arrival directions of these three components of the underground channel impulse response.
281
In Fig. 6 , the spatial spectrum of the three components in the UG MIMO receive beamforming 282 is shown. The plot shows a high power gains at 10 o which corresponds to the lateral wave. The 283 lower power gain is exhibited at the 90 o , which represents the direct wave. The lower peak at the 45 o 284 indicates the reflected wave that due to the lower path in the soil has the lowest gain. 285 6. Air-Soil Interface Impact Adjustment 286 In this section, we discuss the air-soil interface impact adjustment mechanism of the subsurface 287 MIMO, which constitutes as the new contribution of this paper as compared with the preliminary 288 conference version [1] . When subsurface beam is directed in isotropic directions particularly to the 289 air-soil interface, the refraction mechanism leads to beam disorientation when incident at the soil-air water content present in the medium. It also depends on the incidence angle at the air-soil interface. The refraction also impacts the wave propagation velocity both in the soil and air medium. This effect 295 can be corrected by using the time delays (τ) and optimum angle adjustment. 296 In Fig. 7(a) , τ is shown for 10%-40% change in soil moisture values in sandy and silty clay loam 297 soils at 20 cm and 40 cm depth. It can be observed that higher soil moisture levels lead to increase in 298 delay and it further increases by increasing the depth. The corresponding phase shift adjustment to 299 original phase in sandy soil for 10%-40% change in soil moisture at 20 cm and 40 cm depth is shown in 300 Fig.7(a) . Therefore, larger adjustments are required for higher soil moisture levels and higher depths. 
